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® CMOS with strained Si/SIGe layers. 

0 A method and a layered planar heterostructure 
comprising one of or both n and p-channel field 
effect transistors is described incorporating a plural- 
ity of semiconductor layers on a semiconductor sub- 
strate wherein one layer is silicon or silicon germa- 
nium under tensile strain and one layer is silicon 
germanium under compressive strain whereby n 
channel field effect transistors may be formed with a 
silicon or silicon germanium layer under tension and 
p-channel field effect transistors may be formed with 
a silicon germanium layer under compression. The 
plurality of layers may be common to both subse- 
quently formed p and n-channel field effect transis- 
tors which may be interconnected to form CMOS 
circuits. The invention overcomes the problem of 
forming separate and different layered structures for 
p and n-channel field effect transistors for CMOS 
circuitry on ULSI chips. 
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FIELD OF THE INVENTION 

This invention relates to complementary metal 
oxide semiconductor (CMOS) logic for ultra large 
scale integrated (ULSI) circuits and more particu- 
larly to high performance p and n channel field 
effect transistors fabricated in, a heterostructure 
incorporating strained silicon and silicon germa- 
nium layers. 

BACKGROUND OF THE INVENTION 

Performance improvement of Si-CMOS de- 
vices, which form the most important building 
blocks in logic applications, is of significant impor- 
tance. In specific, higher speed and lower power 
consumption together with miniaturization are es- 
sential requirements for future ULSI chips. One 
major deterrent against high speed performance is 
the low mobility of holes in Si. In addition, devices 
with 0.1-0.15 micron gates will have to be exposed 
using either electron-beam lithograph or x-ray lith- 
ography, both being more complicated and expen- 
sive techniques compared to optical lithography. 
Furthermore, device reliability, threshold voltage 
control, and yield problems become more pro- 
nounced on that scale. The choice of a material 
system fully compatible with Si technology, but 
having superior properties compared to Si would 
improve the power-delay product of CMOS. It is 
conceivable that similar or better performance than 
for 0.15 micron Si-CMOS can be achieved at 025 
micron gate length, thus allowing the gates to be 
exposed by optical lithography. 

One example of a material system compatible 
with Si technology, is described in U.S. Patent 
5,019,882 which issued on May 28, 1991 to P.M. 
Solomon entitled "Germanium Channel Silicon 
MOSFET" and assigned to the assignee herein. In 
5,019.882, a channel having improved carrier mo- 
bility comprises an alloy layer of silicon and ger- 
manium which is grown above a silicon substrate. 
The alloy layer is kept thin enough for proper 
pseudomorphic dislocation free growth. A layer of 
silicon is formed over the alloy layer and is ox- 
idized partially through to form a dielectric layer. A 
gate region is formed over the silicon dioxide. 

In U.S. Patent 5,155,571 which issued on Octo- 
ber 13, 1992 to K.L. Wang et al, complementary 
field effect transistors are described having 
strained superlattice structure. In 5,155,571 a sili- 
con CMOS transistor structure is described utilizing 
an n-type strained Ge x S/i- x layer for the p-channel 
transistor whereby the mobility of the holes is in- 
creased to match the mobility of the electrons in n- 
channel transistor. Further, a complementary mod- 
ulation doped field effect transistor is described 
using strained Si and GeSi alloy layers and a 



relaxed Ge x S/'i- x to enhance the electron mobility 
in the n-channel transistor while a strained Si or a 
strained Ge x S/i- x alloy layer is used to enhance 
the hole mobility in the p-channel transistor. Re- 

5 gions for p-channel transistors and regions for n- 
channel transistors are separate regions with re- 
spective channels made of a different structure. 

In Japanese patent 63-308966(a) which issued 
on December 16, 1988 to K. Fujimori, n and p- 

10 channel transistors are described on a substrate 
which are formed by changing silicon and silicon- 
germanium mixed crystal layers in the vertical di- 
rection in the same composition and film thickness 
and making only impurity density to differ in struc- 

75 ture under the gate electrodes. 

In U.S. Patent 5,006,912 which issued on April 
9, 1991 to C. Smith et al, a heterojunction bipolar 
transistor is described having an emitter which 
comprises an epitaxial layer of silicon grown on a 

20 silicon and germanium base layer. The active re- 
gion of the transistor comprises a semiconductor 
having a silicon/silicon and germanium strained lat- 
tice, and the lattice strain being such as to produce 
a predetermined valence band offset at the emit- 

25 ter/base junction while maintaining commensurate 
growth. The advantage of the lattice strain is such 
as to enhance the effective mobility of electrons in 
the base. The germanium content of the silicon and 
germanium base layer lies within the range of from 

30 12% to 20%. 

Another example of a field effect transistor 
having a high carrier mobility and suited for high 
speed operation is described in U.S. Patent 
5.241,197 which issued on August 31, 1993 to E. 

35 Murakami et al. In 5,241,197 a strained control 
layer is provided beneath a germanium layer to 
impose a compressive strain on the germanium 
layer, and the composition of the strain control 
layer is used to generate the compressive strain. 

40 The carrier mobility in the strained germanium lay- 
er is large. 

SUMMARY OF THE INVENTION 

45 In accordance with the present invention, a 
method and a layered structure which may be 
planar is described for forming both n and p- 
channel field effect transistors therein comprising a 
semiconductor substrate, a first layer of relaxed 

50 S/i- x Ge x formed epitaxially on the substrate where 
the Ge fraction x is in the range from 0.20 to 0.5, a 
second layer of n doped S/ t - x Ge x formed epitax- 
ially on the first layer, a third layer of undoped 
S/,- x Ge x formed epitaxially on the second layer, a 

55 fourth layer of silicon or S/i- 2 Ge 2 where the Ge 
fraction z is less than x formed epitaxially on the 
third layer whereby the fourth layer is under tensile 
strain, a fifth layer of relaxed S/*i- x Ge x formed 
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epitaxially on the fourth layer, a sixth layer of 
S/,- y Ge y formed epitaxially on the fifth layer where 
the Ge fraction y is in the range from 0.5 to 1 .0 and 
where y - x is greater than 0.2 whereby the sixth 
layer is under compressive strain, a seventh layer 5 
of relaxed S/"i- x Ge x formed epitaxially on the sixth 
layer, an eighth layer of silicon formed epitaxiaJly 
on the seventh layer, and a ninth layer of dielectric 
material formed over the eighth layer. The Ge 
fraction x for each layer may have its own value in io 
the range from 0.20 to 0.5 so long as the value 
does not reverse the tensile or compressive strain 
in the designated layers for holes and electrons. A 
metal or poly silicon layer may be formed and pat- 
terned over the eighth layer to form the gates of 75 
the n and p-channel field effect transistors. The 
drain and source regions of respective n and p- 
channel transistors may be formed by forming n 
regions on either side of the gate in the layered 
structure to form n-channel field effect transistors 20 
and p regions on either side of the gate in the 
layered structure to form p-channel field effect tran- 
sistors. The n and p channel transistors may be 
interconnected to form CMOS logic. 

The invention further provides a method and a 25 
p-channel field effect transistor having a source, 
drain, gate and increased hole mobility in its chan- 
nel comprising a semiconductor substrate, a first 
layer of relaxed S/"i- x Ge x formed epitaxially on the 
substrate where x is in the range from .20 to 0.5, a 30 
second layer of S/i- y Ge y formed epitaxially on the 
first layer where the Ge fraction y is in the range 
from 0.5 to 1 and where y - x is greater than 0.2 
whereby the second layer is under compressive 
strain resulting in hole confinement therein, a third 35 
layer of silicon formed epitaxially on the second 
layer, a fourth layer of dielectric material formed 
over the third layer, a gate electrode formed over 
the fourth layer and p regions formed on either 
side of the gate electrode in the second and third 40 
layers. 

The invention further provides a method and an 
n-channel field effect transistor having a source, 
drain, gate and increased electron mobility in its 
channel comprising a semiconductor substrate, a 45 
first layer of relaxed S/,- x Ge x formed epitaxially on 
the substrate where x is in the range from 0.25 to 
0.5, a second layer of n-doped S/i- x Ge x formed 
epitaxially on the first layer, a third layer of un- 
doped S/i- x Ge x formed epitaxially on the second 50 
layer, a fourth layer of silicon or S/i- 2 Ge z where 
the Ge fraction z is less than x formed epitaxially 
on the third layer whereby the fourth layer is under 
tensile strain whereby the conduction band is split 
into a two-fold and a four-fold degenerate band 55 
with electron mobility in the two-fold band being in 
the range from 2,000 to 2.500 ctrfiNs at 300K, a 
fifth layer of dielectric material formed over the 



fourth layer, a gate electrode formed over the fifth 
layer, and n-type regions formed on either side of 
the gate electrode in the third and fourth layers. 

It is an object of the invention to provide a 
layered structure which allows for both n-channel 
and p-channel devices to be formed in a common 
planar structure. 

It is a further object of the invention to provide 
both n-channel and p-channel devices where no 
active channel is formed at the silicon dioxide 
interface thus preventing degradation of mobility 
with increased vertical field. 

It is a further object of the invention to provide 
a p-channel device having a p-channel closer to 
the gate than a corresponding n-channel device 
which proximity compensates for the lower hole 
mobility in the p-channel. 

It is a further object of the invention to provide 
n-channel and p-channel devices where both elec- 
tron and hole channels take advantage of strain 
(tensile for electrons, compressive for holes) with 
benefits from band splitting and from higher confin- 
ing barriers. 

It is a further object of the invention to provide 
n-channel and p-channel devices having higher 
mobilities which may allow operation at low source- 
drain voltage, for example, approximately 1 .5 volts. 

It is a further object of the invention to provide 
n-channel and p-channel devices which may be 
designed to have nearly symmetric threshold vol- 
tages for both electrons and holes. 

It is a further object of the invention to provide 
a layered structure which is epitaxial for forming n- 
channel and p-channel devices where the mea- 
sured defect densities are quite low, for example 
1000 per cm 2 as seen from etch pit count. 

It is a further object of the invention to provide 
a single common gate material and process step 
for the gates of both n-channel and p-channel field 
effect transistors. 

It is a further object of the invention to provide 
a buried Si or SiGe channel under tensile strain for 
an n-channel device and a buried SiGe channel 
under compressive strain for a p-channel device. 

BRIEF DESCRIPTION OF THE DRAWING 

These and other features, objects, and advan- 
tages of the present invention will become appar- 
ent upon consideration of the following detailed 
description of the invention when read in conjunc- 
tion with the drawing in which: 

Figure 1 is a top view of one embodiment of the 

invention. 

Figure 2 is a cross-section view along the lines 
2-2 of Figure 1. 

Figure 3 is a graph showing the energy of an 
electron at the bottom of the conduction band as 
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a function of distance with respect to the gate 
electrode with a positive gate bias Vg. 
Figure 4 is a graph showing the energy of an 
electron at the top of the valence band as a 
function of distance with respect to the gate 
electrode with a negative gate bias V g . 
Figure 5 is a schematic circuit of CMOS inverter 
9 shown in Fig. 1. 

Figure 6 is a top view of a second embodiment 
of the invention. 

Figure 7 is a cross section view along the line 7- 
7 of Fig. 6 illustrating the second embodiment. 
Figure 8 is a cross section view along the line 7- 
7 of Fig. 6 illustrating a third embodiment 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

Referring now to the drawing, Figure 1 shows a 
top view of a field effect transistors 10 and 11 
interconnected to form a complementary metal ox- 
ide semiconductor (CMOS) inverter 9. The detailed 
schematic circuit of CMOS inverter 9 is shown in 
Figure 5. 

Field effect transistor 10 may be an n-channei 
field effect transistor having drain and source re- 
gions 12 and 14 of n-type and a gate electrode 16. 
Field effect transistor 11 may be a p-channel field 
effect transistor having drain and source regions 13 
and 15 of p-type material and a gate electrode 17. 
Gate electrodes 16 and 17 may be metal or may 
be polysilicon doped with p-type material. Gate 
electrode 16 has an upper surface 18 and gate 
electrode 17 has an upper surface 19. Field effect 
transistors 10 and 11 are formed on a semiconduc- 
tor substrate 20 which may be. for example, silicon, 
germanium, silicon germanium or alloys thereof. 
Substrate 20 may also be a wafer where an upper 
region is separated by implanted oxygen (SIMOX). 
Substrate 20 has a planar heterostructure 22 
formed on the upper surface 21 of substrate 20 
shown in Fig.2. Planar heterostructure 22 consists 
of a plurality of substantially planar layers 23 which 
are epitaxial, commensurate or pseudomorphic with 
respect to one another. The top layer 24 on 
heterostructure 22 is exposed to the ambient and 
may be a dielectric such as silicon dioxide having 
an upper surface 25. 

While field effect transistors 10 and 11 have 
been shown in Figure 1 many more transistors 
such as field effect transistors 6 through 9 of either 
n or p-channel may be formed on substrate 20. 
Planar heterostructure 22 consisting of a plurality of 
layers 23 shown in more detail in Figure 2 extends 
underneath the gate electrodes of all the field effect 
transistors and will also be in the regions between 
the field effect transistors. Thus, a common planar 
heterostructure 22 is used for all transistors. Isola- 



tion between selected transistors may be obtained 
by interrupting the conductivity of the layers 23 
such as by forming a trench 28 such as by reactive 
ion etching through a mask. Trench 28 which may 

5 have a square or rectangular cross section may be 
filled with a dielectric 29 such as silicon dioxide to 
permit interconnection wiring to pass over or 
across the trench. 

Figure 2 is a cross-section view along the lines 

io 2-2 of Figure 1. As shown in Figures 1 and 2, 
substrate 20 has an upper surface 21 with a planar 
heterostructure 22 comprising layers 34, 36, 38, 32, 
40, 30, 42 and 44 in epitaxial relationship formed 
thereover. Above planar heterostructure 22 is layer 

is 24 which functions as a gate oxide for gate elec- 
trodes 16 and 17 and a thicker field oxide may be 
formed or deposited in regions between gate elec- 
trodes. In planar heterostructure 22 strain is made 
use of in order to improve the device performance. 

20 The unique features of the planar heterostructure 
22 is that the layers have planar upper and lower 
surfaces across the substrate, i.e., no etching or 
selective growth is needed for p-channel field ef- 
fect transistor 11 or PMOS devices and n-channel 

25 field effect transistor 10 or NMOS devices. The 
planar heterostructure 22 provides a medium which 
is compatible with standard submicron Si com- 
plementary metal oxide semiconductor (CMOS) 
processing. 

30 By adjusting the strain in particular layers of 

planar heterostructure 22, the threshold voltages of 
p and n type field effect transistors 10 and 11 can 
be adjusted rather than by doping as in standard 
Si-MOS technology. Further adjustments to the 

35 threshold voltage by doping can also be used in 
addition to the voltage adjustment achieved with 
the strain in the layer. In planar heterostructure 22, 
symmetrical threshold voltages in the range from 
-0.3-to-0.5-volts can be achieved in the same 

40 planar heterostructure design. By using poly- 
silicon gates as shown for example by gate elec- 
trode 16, both n and p-channel field effect transis- 
tors gate electrodes 16 and 17 may be formed at 
the same time thus saving one lithography step. 

45 The transconductance of the n and p-channel field 
effect transistors 10 and 11 may also be designed 
to be almost identical. The almost identical tran- 
sconductances of n and p-channel field effect tran- 
sistors is achieved by using the planar heterostruc- 

50 ture 22 with the p-channel at layer 30 closer to the 
gate electrodes 16 and 17 compared to the n- 
channel 32 in order to compensate for the electron 
mobility which is higher in the n-channel at layer 
32 than the hole mobility in the p-channel at layer 

55 30. 

Referring to Figure 2, a relaxed SiGe buffer 
layer 34 is first grown on upper surface 21 of 
substrate 20 with a Ge composition in the range 
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from 20 to 50%. Buffer layer 34 may be initially 
undoped, relaxed, and have a composition of 70% 
silicon and 30% germanium. 

After layer 34 is formed, a p type region 26 is 
formed in layer 34 at or near the top of layer 34 5 
with a thickness in the range from 100 to 200 nm 
and has an electrically active acceptor dose in the 
range from 1 to 2xl0 12 cro- 2 underlying the n chan- 
nel devices and associated drain and source re- 
gions 12 and 14 to be subsequently formed. Re- w 
gion 26 can be formed for example by ion im- 
plantation and subsequent annealing. Region 26 
can be formed for example by ion implantation and 
subsequent annealing. Region 26 may be defined 
by a suitably patterned mask. P type region 26 75 
functions to block parasitic current from flowing 
through layer 34 or substrate 20 between the 
source and drain contacts of n type transistors. 

Further after layer 34 is formed, an n type 
region 27 is formed in layer 34 at or near the top of 20 
layer 34 with a thickness in the range from 100 to 
200 nm and has an electrically active donor dose 
in the range from 1 to 2x10 12 cnr2 underlying the 
p channel devices and associated drain and source 
regions to be subsequently formed. Region 27 can 25 
be formed for example by ion implantation and 
subsequent annealing. Region 27 may be defined 
by a suitably patterned mask. N type region 27 
functions to block parasitic current from flowing 
through layer 34 or substrate 20 between the 30 
source and drain contacts of p type transistors. 

On the upper surface of relaxed layer 34, an n- 
doped relaxed SiGe thin layer 36 is grown in order 
to bend the valence and conduction bands enough 
for the electron transport to be preferred in a 35 
tensile strained Si or S/i- z Ge 2 layer 32. 

The confinement of electrons and holes is a 
result of tensile and compressive strain in the re- 
spective layers. The overall lattice constant in the 
plane of the layer upper and lower surfaces is 40 
determined by the dominant composition of a layer 
which in Fig. 2 is layer 34. The electron channel 
layer 32 has either no Ge or a lower Ge composi- 
tion and is under tensile strain while the hole chan- 
nel layer 30 has higher Ge composition and is 45 
under compressive strain. The strain arises be- 
cause pure Ge has a lattice constant about 4% 
greater than the lattice constant of Si. 

Above n-doped layer 36. a thin relaxed un- 
doped SiGe layer 38 is grown in order to separate so 
the dopants in layer 36 from the Si layer 32 to 
maintain a high electron mobility in layer 32. Layer 
38 may have a thickness in the range from 0 to 4 
nanometers thick. Above layer 38, a Si or S/,- 2 Ge 2 
layer 32 is grown which is under tensile strain and 55 
functions as an n-channel for n-channel field effect 
transistors. Above Si or S/i- 2 Ge 2 layer 32, a thin 
relaxed SiGe layer 40 is grown. Layers 38 and 40 
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may have the same composition of silicon and 
germanium which may be in a range from 20 to 
50% germanium. Silicon or S/,_ 2 Ge 2 layer 32 is 
under tensile strain while layers 38 and 40 of SiGe 
are relaxed. 

Above layer 40, a compressively-strained SiGe 
layer 30 is grown which functions as a p-channel 
for p-channel field effect transistors. In layer 30. the 
composition of germanium is in the range from 50 
to 100% and may be. for example, 80%. 

In an alternate embodiment, layer 30 may have 
the germanium content graded within the layer, 
decreasing from, for example, about 0.75 Ge at the 
lower portion of the layer nearer the buffer layer 34 
to about 0.5 Ge at the upper part of the layer. The 
resulting graded strain and graded valence band 
offset in layer 30 will help to position the holes 
closer to the bottom interface, which is smoother 
than the upper interface, resulting in improved hole 
mobility. 

Above layer 30, another thin relaxed SiGe layer 
42 is grown. Layer 42 may have the same com- 
position as layer 40 and it functions to provide 
strain at the interface with layer 30 causing a jump 
in the valence band which results in the holes 
being confined to layer 30. Layer 30 is under 
compressive strain. Above layer 42. a silicon cap 
layer 44 is grown in order to grow with good 
adhesion a gate oxide on or in its upper surface. 
Over silicon layer 44. a 5 to 10 nanometer thick 
silicon dioxide layer 24 is formed. Silicon dioxide 
layer 24 can be grown at a temperature of 600 * to 
700 *C using high pressure thermal oxidation or 
may be deposited by chemical vapor deposition at 
a temperature below 650 • C. Above layer 24 a P* 
polysilicon gate 16 is grown which may first be a 
blanket layer and then lithographically patterned to 
define the gate. Gate 16 may be formed using a 
fully self-aligned process with 0.1 to 025 micron 
gate length and by using nitride sidewall spacers 
and silicide or salicide metallization. 

Layers 30 and 32 may have a thickness in the 
range from 3 to 7nm. Layer 40 between layers 30 
and 32 may have a thickness in the range from 0 
to 5 nm. Layers 36, 38 and 42 may have a thick- 
ness in the range from 3 to 5 nm. Silicon Layers 44 
may have a thickness in the range from 0.5 to 1.5 
nm. If layer 44 is too thick it would be a parasitic 
current channel for n type devices. Layer 46 may 
be in the range from 5 to 10 nm. 

With the ability to form tensile strained Si or 
S/ t - 2 Ge 2 on relaxed SiGe layers, and compressive 
strained SiGe layers on relaxed Si or SiGe. the 
conduction and valence bands of both Si or 
S/,- 2 Ge 2 layer 32 and SiGe layer 30 can be signifi- 
cantly changed. In Si or Si y - z Ge z layer 32, under 
tensile strain, the original six-fold degenerate con- 
duction band is split into a two-fold and a four-fold 
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degenerate band. Electrons travelling in the lower- 
ed two-fold band (with a light in-plane mass) have 
a much higher mobility than in standard Si n- 
channel field effect transistor structures. In the 
lowered two-fold band, the higher mobility may be 
in the range from 2,000 to 2500 cm*Ns at 300K 
and 10,000 to 15,000 crrPNs at 77K compared to 
conventional n-channei transistors having a mobility 
of approximately 600 c/rf/Vs at 300K and approxi- 
mately 1500 croWs at 77K. A further discussion of 
electron transport properties is contained in a pub- 
lication by K. Ismail (the inventor herein) et al. 
entitled "Electron transport properties of Si/SiGe 
heterostructure: measurements and device implica- 
tions", Appl. Phys. Lett. 63 (5) 2 August 1993, pp 
660-662 which is incorporated herein by reference. 

The valence band in compressively-strained 
SiGe layer 30 is split into the heavy hole and light- 
hole bands. Hole transport in the upper valence 
band, with light mass for hole motion along the 
channel especially in high Ge-content SiGe or even 
pure Ge, will thus enjoy hole mobilities that could 
be an order of magnitude higher than in Si p- 
channei field effect transistors. The hole mobilities 
in the occupied hole band are in the range from 
600 to 1100 c/^/Vs or higher at 300K and in the 
range from 2000 to 5000 cnfiNs at 77K which have 
been measured in layer 30 for a composition of 
70% silicon and 30% germanium and where layer 
30 was 4 nanometers thick. The measured mobil- 
ities are a factor of 5 higher than found in Si p- 
channel field effect transistors. 

Figure 3 is a graph showing the energy of an 
electron at the bottom of the conduction band in 
layer 32 as a function of distance with respect to 
gate electrode 16 and with a positive gate voltage 
V In Figure 3 the ordinate represents the energy 
oia single electron at the bottom of the conduction 
band and the abscissa represents distance in the 
vertical direction below gate electrode 16 shown in 
Figure 2. The energy of a single electron is shown 
by curve 56. Reference line 58 represents the 
Fermi energy in layer 32. As shown in Figure 3 
curve portion 60 shows the electron energy as 
being less than the Fermi energy in layer 32 and 
thus electrons are present in conductive layer 32. 
Curve portion 62 shows the bending of the conduc- 
tion band due to the n-type doping in layer 36. 
Curve 62 is not adjusted to reflect p type region 
26. Curve portion 64 shows the energy of an elec- 
tron in layer 44 which is the top silicon cap layer 
underneath oxide layer 24. Layer 44 has a lower 
electron mobility than the electron mobility of layer 
32 having electron energy shown by curve portion 
60. The electron energy of an electron in layer 32 
should be lower than the electron energy in layer 
44 to prevent current from flowing in layer 44 which 
is a parasitic channel parallel to the n-channel 



formed by layer 32. 

Figure 4 is a graph showing the energy of an 
electron at the top of the valence band in layer 30 
as a function of distance in the vertical direction 
5 shown in Figure 2 below gate electrode 16 and 
where the gate bias Vg is negative. In Figure 4 the 
ordinate represents the energy of an electron at the 
top of the valence band and the abscissa repre- 
sents distance in the vertical direction with respect 
io to gate electrode 16. The energy of an electron at 
the top of the valence band is shown by curve 70. 
Curve 70 is not adjusted to reflect p type region 
26. The reference line 72 represents the Fermi 
energy E F in the valence band. Curve portion 74 
75 corresponds to the electron energy at the top of 
the valence band in layer 30 which is greater than 
the Fermi energy shown by reference line 72 and 
thus would be conductive to holes. 

Figures 3 and 4 show that with a positive gate 
20 voltage electrons are conductive in layer 32, the 
electrons being supplied from doped layer 36. With 
gate electron 16 having a negative voltage V g holes 
are conductive in layer 30. Thus, with drain and 
source regions interconnecting all the layers 30. 
25 32. 34, 36, 38. 40, 42, and 44, either an n-channel 
or a p^channel field effect transistor may be formed 
by forming p-type or n-type drain and source re- 
gions on either side of gate electrode 16. Referring 
to Figure 2, the fact that the electron transport in 
30 layer 32 and hole transport in layer 30 is spatially 
removed from the silicon layer 44 and layer 24 i.e., 
at silicon dioxide interface 47, gives the advantages 
of higher reliability i.e., reduced carrier injection 
into layer 24 of silicon dioxide, and higher mobility 
35 at high carrier density. With a S//S/O2 interface 47, 
it is known that the mobility of electrons degrades 
as a function of the vertical electric field across the 
interface. In the suggested structure, however, the 
mobility of electrons increases as a function of the 
40 vertical field and the hole mobility is expected to 
stay approximately constant over the whole gate 
bias range V g . The unique feature of the planar 
heterostructure 22 is that the layer sequence which 
makes use of the strain due to lattice mismatching, 
45 enables the adjustment of threshold voltages for p 
and n-channel field transistors, and the adjustment 
of the high electron and hole mobilities of the n 
and p-channel field effect transistors. The cap sili- 
con layer 44 allows thermal oxidation to form the 
50 gate oxide or a chemical vapor deposition (CVD) 
oxide with good adhesion to layer 44. The planar 
heterostructure 22 provides for no mobility deg- 
radation as a function of vertical electric fields from 
the voltage on gate electrode 16 since the elec- 
55 trons are transported in layer 32 and the holes are 
transported in layer 30. A single p 4 polysilicon gate 
may be used for both p and n-channel field effect 
transistors and may be deposited and patterned at 
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the same time. 

The planar heterostructure 22 can be used in 
building high-performance CMOS devices based 
on strained Si/SiGe heterostructures. Planar 
heterostructure 22 can be used in ULSI logic chips 
operated at high frequencies and low power con- 
sumption. The high frequency is a result of higher 
electron and hole mobility and higher average car- 
rier velocity in the channel i.e., layer 30 and 32. 
The lower power consumption is expected because 
lower lateral electric fields are needed in order to 
saturate the carrier velocity. 

Isolation between n and p-channel field effect 
transistors may be achieved by trenching between 
devices. Trenching may be done by reactive ion 
etching (RIE). In a typical embodiment, the p and. 
n-channel field effect transistors will be self-aligned 
with respect to its gate electrode such that the 
source and drain implants grown by ion implanta- 
tion reach the edge of the gate electrode. As in a 
CMOS circuit, the basic block would be a simple 
inverter with the drain of one device connected to 
the source of the other device and both gates 
connected together. Other logic gates can be made 
such as a NAND, NOR. FLIP FLOPS, et cetera. 

Referring to Figure 5. a schematic circuit of 
CMOS inverter 9 is shown. Gate electrodes 16 and 
17 are coupled together by way of lead 77 to 
provide an input to inverter 9. Drain regions 12 and 
13 of field effect transistors 10 and 11 respectively 
are coupled together by way of lead 78 to provide 
an output. The source of transistor 11 is coupled 
over lead 79 to a supply voltage Vw>- The source 
of transistor 10 is coupled over lead 80 to ground 
potential or another voltage supply. Transistor 10 
has an n-channel formed in layer 32 while transis- 
tor 11 has a p-channel formed in layer 30. 

Figure 6 is a top view of a second embodiment 
of the invention showing a field effect transistor 82. 
Field effect transistor 82 has a Gate electrode 83, a 
drain electrode 84 and a source electrode 85. Field 
effect transistor 82 is formed in planar heterostruc- 
ture 88 which is shown in more detail in Figure 7. 
Figure 7 is a cross-section view along the line 7-7 
of Figure 6. In Figure 7 like references are used for 
structure and functions corresponding to Figures 1 
and 2. Figure 7 shows a cross-section view of a 
plurality of layers 89 used to form a plurality of n- 
channel field effect transistors therein where for the 
sake of simplicity only one field effect transistor 82 
is shown. 

Figure 7 shows an n-channel field effect tran- 
sistor 82 having a drain region 91 and a source 
region 92 of n-type formed, for example, self 
aligned with the gate by ion implantation into layer 
32. Semiconductor substrate 20 has a first layer 34 
of relaxed Sh-,&e x formed epitaxially on the upper 
surface 21 of substrate 20 where x is in the range 
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from 0.20 to 0.5. A second layer 36 of n doped 
S/i- x Ge* is formed epitaxially on layer 34. Prior to 
forming layer 36, a p-type region 26 may be 
formed underneath the future drain region 91 and 

5 source region 92 to prevent parasitic current from 
flowing through layer 34 or substrate 20 from drain 
region 91 to source region 92 or vice-versa. A third 
layer 38 of undoped Sh-fie* is formed epitaxially 
on layer 36. A fourth layer 32 of silicon or S/,- z Ge 2 

to where the Ge fraction z is less than x is formed 
epitaxially on third layer 38 whereby the fourth 
layer 32 is under tensile strain whereby the con- 
duction band is split into a two-fold and a four-fold 
degenerate band where the electron mobility in the 

75 two-fold band being in the range from 2.000 to 
2,500 cm 2 A/s at 300K. A fifth layer 24 of dielectric 
material such as silicon dioxide is formed over the 
fourth layer 32 on upper surface 48. Gate electrode 
83 is formed over fifth layer 24. N-type regions 91 

20 and 92 are formed on either side of gate electrode 
82 in layer 32 as shown in Figure 7. A thin silicon 
layer such as layer 44 may be interposed between 
layer 32 and layer 24 to provide a better interface 
with layer 24. 

25 Figure 8 is a cross-section view along the line 

7-7 of Figure 6 illustrating a third embodiment. In 
Figure 8 like references are used for structure and 
functions corresponding to the apparatus of Figures 
1, 2 and Figure 6. Field effect transistor 96 is a p 

30 type having a gate electrode 97, a drain electrode 
98 and a source electrode 99. Drain electrode 98 is 
in electrical contact with drain region 105 which is 
p type and source electrode 99 is in electrical 
contact with source region 106 which is p type. 

35 Drain region 105 and source region 106 extend 
through layers 44 and into layer 30. Drain region 
105 and source region 106 may be self aligned 
with the gate and formed by ion implantation. Field 
effect transistor 96 has increased hole mobility in 

40 its channel 100 between source electrode 106 and 
drain electrode 105. 

Field effect transistor 96 is formed in planar 
heterostructure 102 which comprises a plurality of 
layers 103. Field effect transistor 96 comprises a 

45 semiconductor substrate 20, a first layer 34 of 
relaxed S/,- x Ge x formed epitaxially on substrate 20 
where x is in the range from .20 to .5. A second 
layer 30 of S#i- y Ge y is formed epitaxially on first 
layer 34 where the Ge fraction y is in the range of 

50 0.5 to 1 and where 1 - x is greater than 0.2 * 
whereby the second layer 30 is under compressive 
strain resulting in hole confinement therein. A third 
layer 44 of silicon is formed epitaxially on the 
second layer 30. A fourth layer 24 of dielectric 

55 material such as silicon dioxide is formed over the 
third layer 44. A gate electrode 97 is formed over 
the fourth layer 24. Drain region 105 and source 
region 106 are formed on either side of the gate 

7 
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electrode 97 in second layer 30 and third layer 44. 
An n-type region 27 may be formed below drain 
region 105 and source region 106 in layer 34 from 
its upper surface of layer 34 to prevent parasitic 
currents from flowing in layer 34 or substrate 20 
between drain region 105 and source region 106. 
N-type region 27 may be formed by diffusion 
through a mask or by ion implantation after layer 
34 is formed. 

While there has been and illustrated a method 
and a planar heterostructure with strained Si and 
Si/Ge layers for p and n-channel field effect transis- 
tors, it will be apparent to those skilled in the art 
that modifications and variations are possible with- 
out deviating from the broad scope of the invention 
which shall be limited solely by the scope of the 
claims appended hereto. 

Claims 

1. A semiconductor structure for forming both n 
and p channel field effect transistors therein 
comprising: 

a semiconductor substrate, 
a plurality of commensurate layers of semicon- 
ductor material formed on said substrate, said 
plurality of layers having compositions select- 
ed from the group consisting of silicon, germa- 
nium, silicon germanium and alloys thereof, 
at least a first one of said layers under tensile 
strain whereby the conduction band is below 
the Fermi level, 

at least a second one of said layers under 
compressive strain whereby the valence band 
is above the Fermi level, 
a plurality of n-type regions located at least in 
said first one of said layers for passing current 
through said first one of said layers, and 
a plurality of p-type regions located at least in 
said second one of said layers for passing 
current through said second one of said layers. 

2. The semiconductor structure of claim 1, 
wherein said semiconductor substrate is a sin- 
gle crystalline substrate; 

a first layer of relaxed Si,- x Ge x is formed 
epitaxially on said substrate where the Ge frac- 
tion x is in the range from 0.20 to 0.5, 
a second layer of n doped Sii-„Ge x is formed 
epitaxially on said first layer, 
a third layer of undoped Sii- x Ge x is formed 
epitaxially on said second layer, 
a fourth layer selected from the group consist- 
ing of silicon, germanium, silicon-germanium 
and alloys thereof is formed epitaxially on said 
third layer whereby said fourth layer is under 
tensile strain, 

a fifth layer of relaxed Sh- x Ge x is formed 



epitaxially on said fourth layer, 
a sixth layer of Si,- y Gey is formed epitaxially 
on said fifth layer where the Ge fraction y is in 
the range from 0.5 to 1.0 and where y-x > .2 
5 whereby said sixth layer is under compressive 

strain, 

a seventh layer of relaxed Sh- x Ge„ is formed 
epitaxially on said sixth layer, 
an eighth layer of silicon is formed epitaxially 
o on said seventh layer, and 

a ninth layer of dielectric material is formed 
over said eighth layer. 

3. The semiconductor structure of claim 2 
r 6 further including a tenth layer of polysilicon 

formed over said ninth layer of dielectric ma- 
terial and patterned lithographically to form 
gate electrodes. 

?o 4. The semiconductor structure of claim 2 or 3 

further including p regions passing from said 
sixth through eighth layers and n regions pass- 
ing from said fourth through eighth layers on 
either side of at least one gate electrode to 

25 form a p-channel and a n-channel field effect 

transistor. 

5. The semiconductor structure of any of the pre- 
ceding claims 2 to 4 further including p-type 

30 and n-type source and drain regions located at 

least in said second layer or in said fourth 
layer. 

6. The semiconductor structure of any of the pre- 
35 ceding claims 3 to 5 further including means 

for interconnecting said gate electrodes, said p 
regions and said n regions to form comple- 
mentary metal oxide semiconductor (CMOS) 
logic. 

40 

7. The semiconductur structure of any of the pre- 
ceding claims 2 to 6 wherein said first layer 
further includes p type regions and n type 
regions below the area of n channel or p 

45 channel transistors to prevent parasitic currents 

in or below said first layer. 

a A field effect transistor having a source region, 
drain region and increased electron mobility in 

50 its channel comprising: 

a semiconductor substrate, 
a first layer of relaxed Sh- x Ge x formed epitax- 
ially on said substrate where the Ge fraction x 
is in the range from 0.20 to 0.5, 

55 a second layer of n doped Sii- x Ge x formed 

epitaxially on said first layer, 
a third layer of undoped Sh- x Ge x formed epi- 
taxially on said second layer. 
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a fourth layer selected from the group consist- 
ing of silicon, germanium, silicon-germanium 
and alloys thereof formed epitaxially on said 
third layer whereby said fourth layer is under 
tensile strain whereby the conduction band is 
split into a 2-fold and a 4-fold degenerate band 
with electron mobility in the 2-fold band being 
in the range from 2,000 to 2,500 cm*Ns at 
300K, 

said source region and said drain region lo- 
cated at least in said fourth layer, 
a fifth layer of dielectric material formed over 
said fourth layer, and 

a gate electrode formed over said fifth layer. 

9. A field effect transistor having a source region, 
drain region and increased hole mobility ill its 
channel comprising: 

a semiconductor substrate, 
a first layer of relaxed Sh-xGex formed epitax- 
ially on said substrate where the Ge fraction x 
is in the range from 0.20 to 0.5, 
a second layer of Si,- y Gey formed epitaxially 
on said first layer where the Ge fraction y is in 
the range from 0.5 to 1 and where y-x > 0.2 
whereby said second layer is under compres- 
sive strain resulting in hole confinement there- 
in, 

said source region and said drain region lo- 
cated at least in said second layer, 
a third layer of silicon formed epitaxially on 
said second layer, 

a fourth layer of dielectric material formed over 
said third layer, 

a gate electrode formed over said fourth layer 
and a fifth layer of Sh-zGe* formed epitaxially 
between said second layer and said third layer 
where the Ge fraction z is in the range from 
0.20 to 0.5. 

10. A method for forming a semiconductor struc- 
ture for for forming both n and p channel field 
effect transistors therein comprising the steps 
of: 

selecting a semiconductor substrate, 
forming a plurality of commensurate layers of 
semiconductor material on said substrate, said 
plurality of layers having compositions select- 
ed from the group consisting of silicon, germa- 
nium, silicon germanium and alloys thereof, 
said step of forming a plurality of commen- 
surate layers further includes the steps of for- 
ming at least a first one of said layers under 
tensile strain whereby the conduction band is 
below the Fermi level and forming at least a 
second one of said layers under compressive 
strain whereby the valence band is above the 
Fermi level, 



forming a plurality of n-type regions located at 
least in said first one of said layers for passing 
current through said first one of said layers, 
and 

5 forming a plurality of p-type regions located at 

least in said second one of said layers for 
passing current through said second one of 
said layers. 

io 11. The method of claim 10 comprising the steps 
of: 

selecting a single crystalline substrate, 
forming a first layer of relaxed Si,-xGe x epitax- 
ially on said substrate where the Ge fraction x 

75 is in the range from 020 to 0.5, 

forming a second layer of n doped Sit-*Ge x 
epitaxially on said first layer, 
forming a third layer of undoped Sii- x Ge K epi- 
taxially on said second layer, 

20 forming a fourth layer selected from the group 

consisting of silicon, germanium, silicon-ger- 
manium and alloys thereof epitaxially on said 
third layer whereby said fourth layer is under 
tensile strain. 

25 forming a fifth layer of relaxed Sii-xGe K epitax- 

ially on said fourth layer, 
forming a sixth layer of Sii- y Ge y epitaxially on 
said fifth layer where the Ge fraction y is in the 
range from 0.5 to 1.0 and where y-x > .2 

30 whereby said sixth layer is under compressive 

strain. 

forming a seventh layer of relaxed Sii-*Ge x 
epitaxially on said sixth layer, 
forming an eighth layer of silicon epitaxially on 
35 said seventh layer, and 

forming a ninth layer of dielectric material over 
said eighth layer. 

12. The method of claim 11 further including the 
40 step of forming a tenth layer of polysilicon over 

said ninth layer of dielectric material and pat- 
terning lithographically said tenth layer to form 
gate electrodes. 

45 13. The method of claim 11 or 12 further including 
the step of forming p regions passing from 
said sixth through eighth layers and n regions 
passing from said fourth through eighth layers 
on either side of at least one gate electrode to 

50 form a p-channel and n-channel field effect 

transistor. 

14. The method of any of the preceding claims 11 
to 13 further including the step of forming p- 
55 type and n-type source and drain regions lo- 

cated at least in said second layer or in said 
fourth layer. 
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15. The method of any of the preceding claims 12 
to 14 further including the step of interconnec- 
ting said gate electrodes, said p regions and 
said n regions to form complementary metal 
oxide semiconductor (CMOS) logic. 

16. A method for forming a field effect transistor 
having a source region, drain region and in- 
creased electron mobility in its channel com- 
prising the steps of: 
selecting a semiconductor substrate, 
forming a first layer of relaxed Si,-xGe x epitax- 
ially on said substrate where the Ge fraction x 
is in the range from 0.20 to 0.5. 

forming a second layer of n doped Si,- x Ge x 75 
epitaxially on said first layer, 
forming a third layer of undoped Sii-*Ge x epi- 
taxially on said second layer, 
forming a fourth layer selected from the group 
consisting of silicon, germanium, silicon-ger- 20 
manium and alloys thereof epitaxially on said 
third layer whereby said fourth layer is under 
tensile strain whereby the conduction band is 
split into a 2-fold and a 4-fold degenerate band 
with electron mobility in the 2-fold band being 25 
in the range from 2,000 to 2,500 c/^/Vs at 
300K, 

forming said source region and said drain re- 
gion in at least said fourth layer, 
forming a fifth layer of dielectric material over 30 
said fourth layer, and 

forming a gate electrode over said fifth layer. 

17. A method for forming a field effect transistor 
having a source region, drain region and in- 35 
creased hole mobility in its channel comprising 
the steps of: 

selecting a semiconductor substrate, 
forming a first layer of relaxed Sh- x Ge x epitax- 
ially on said substrate where the Ge fraction x 40 
is in the range from 0.20 to 0.5. 
forming a second layer of Sii- y Ge y epitaxially 
on said first layer where the Ge fraction y is in 
the range from 0.5 to 1 and where y-x > 0.2 
whereby said second layer is under compres- 45 
sive strain resulting in hole confinement there- 
in, 

forming said source region and said drain re- 
gion in at least said second layer, 
forming a third layer of silicon epitaxially on so 
said second layer. 

forming a fourth layer of dielectric material 
over said third layer, 

forming a gate electrode over said fourth layer 
and forming a fifth layer of Si,- z Ge 2 epitaxially 55 
between said second layer and said third layer 
where the Ge fraction z is in the range from 
0.20 to 0.5. 
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